Probiotic Bacillales have been shown effective in controlling pathogens. In 20 particular, live probiotic bacteria are thought to improve the composition of gastrointestinal 21 microbiota, and to reduce pathogen colonization. However, how probiotics regulate immune 22 Importance 41 Sequencing of the infected sheep 's stomach flora revealed potential probiotics 42 that could control H. contortus infection, and further genetically engineered recombinant 43 probiotic spores expressing parasite protein, and validated their good immunogenicity in a 44 mouse model. In the sheep infection model, the recombinant probiotics have proven to be 45 effective against parasite infections. 46
responses and protect the host from parasitic infection remains largely unknown. In this 23 study, we investigated whether Bacillales can be used against Haemonchus contortus, a 24 parasitic nematode that infects small ruminants in sheep and goats worldwide. Using 16S 25 ribosomal RNA sequencing, we found that Bacillales was highly depleted in the abomasal 26 microbiota of sheep infected with H. contortus. We constructed a recombinant Bacillus 27 subtilis strain (rBS CotB-HcG ) that express glyceraldehyde-3-phosphate dehydrogenase of H. 28 contortus (HcGAPDH) on its spore surface. However, mice orally administrated with the 29 rBS CotB-HcG strain showed strong Th1-dominated immune responses; and sheep 30 administrated per os with rBS CotB-HcG showed increased proliferation of peripheral blood 31 mononuclear cells, elevated anti-HcGAPDH IgG levels in sera, and higher anti-HcGAPDH 32 sIgA levels in intestinal mucus. In addition, treatment of H. contortus infected sheep with 33 rBS CotB-HcG (Hc+rBS CotB-HcG ) promoted the abundance of probiotic species in the abomasal 34 microbiota; it also improved the average weight gain of the sheep by 27.7%. These 35 is a glycolytic enzyme [15, 16] . In many organisms, GAPDHs are shown to have additional 71 functions other than their enzymatic activity in glycolysis. It was shown that a recombinant 72
HcGAPDH DNA vaccine can protect the recipient sheep from H. contortus infection by 73 inducing effective host immune responses [17] . However, this DNA vaccine has not been 74 applied in clinical practice, likely due to its limited commercial availability [18] . Given the 75 prevalent anti-drug resistant for H. contortus, a better immune protection strategy against 76 haemonchosis is still needed. The purposes of this study were to develop an oral vaccine 77 using recombinant B. subtilis spores expressing CotB-HcGAPDH fusion protein and to 78 investigate its underlying mechanisms. Overall, our data demonstrated a recombinant 79 spore-based strategy as an alternative to anthelmintics. 80
Results

81
Relative abundance of Bacillales negatively correlated with H. contortus infection 82
To investigate the effect of microbiota on H. contortus infection, we analyzed 83 abomasal microbiota of H. contortus-infected sheep using 16S ribosomal RNA (rRNA) gene 84 sequencing. In the control sheep without H. contortus infection, the abomasal microbiota 85 were dominated by the following bacterial class: Alteromonadales (35.5%), 86
Pseudomonadales (29.5%), Bacteroidales (10.4%), Clostridiales (9.8%), Flavobacteriales 87 (3.4%), Enterobacteriales (1.9%), Bacillales (1.3%), Aeromonadales (1.0%) (Fig 1a) . H. 88 contortus infection induced significant changes in microbial abundance including those of 89 Alteromonadales, Pseudomonadales, Sphingobacteriales, Enterobacteriales, Bacillales, and 90
Coriobacteriales, compared to the uninfected group (Fig 1a) . Of particular interesting is the 91
Bacillales group that has the probiotic effects in relation to H. contortus infection. We found 92 that the relative abundance of Bacillales was significantly reduced after H. contortus 93 infection (Fig 1b and 1c) (p < 0.005). In addition, our linear effect size (LEfSe) analysis on 94 the 16S rRNA sequences showed that Bacillales is the main contributor as a probiotic in the 95 abomasal microbiota to protect sheep from H. contortus infection (Fig 1d) . Together, these 96 data showed that sheep with H. contortus infection have led to significant reduction of 97
Bacillales in the microbiota of abomasum, suggesting a potential protective role of these 98 probiotic bacteria against pathogen infection. 99
Expression of CotB-HcGAPDH on the surface did not affect the production or the 100
structure of B. subtilis spores 101
Based on the available data, we developed a protocol to generate recombinant 102 spores expressing the fusion protein on the surface by joining the B. subtilis spore coat 103 protein B (CotB) and the H. contortus GAPDH (HcGAPDH) protein (CotB-HcGAPDH or 104
CotB-HcG) (Fig 2a) . First, the full-length cDNA of HcGAPDH was cloned into the pET32a 105 vector (pET32a-HcGAPDH), and the recombinant HcGAPDH protein was expressed and 106 purified (Fig 2b and 2c ). The purified protein was then used to generate polyclonal 107 antibodies. Second, the HcGAPDH and CotB genes were fused and cloned into the 108 pDG364 vector (pDG364-CotB-HcGAPDH). The fusion protein CotB-HcGAPDH (CotB-HcG) 109 was expressed in B. subtilis spores (rBS CotB-HcG ) (Fig 2d and Fig 2e) . 110
To verify that the recombinant fusion protein was expressed on the surface of B. 111 subtilis spores, we have performed the immunofluorescence (IF) using the polyclonal 112 antibodies to HcGAPDH on the bacterial spores induced in Difco sporulation medium 113 (DSM). CotB-HcGAPDH in rBS CotB-HcG started to appear on the spore coat after 24 h of 114 induction and increased steadily between 24 h and 72 h (Fig 3a) . Flow cytometry (FCM) 115 assay further confirmed that 86.01% of the rBS CotB-HcG spores expressed CotB-HcGAPDH 116 72 h after induction (Fig 3b) . There was no difference in production and germination of 117 spores between the wild-type and the rBS CotB-HcG strains (Fig 3c) . To determine whether 118 expression of CotB-HcGAPDH affected spore structure, rBS CotB-HcG spores were examined 119 using scanning electron microscope (SEM) and transmission electron microscope (TEM). 120
There was no change on coat folds of elliptical spore morphology between the wild-type and 121 the rBS CotB-HcG strains (Fig 3d) . In addition, TEM images revealed clear exine and intine 122 structures of rBS CotB-HcG similar to the wild-type strain (Fig 3e) . These results indicate that 123 expression of CotB-HcGAPDH fusion protein did not change the production or the structure 124 of B. subtilis spores. 125
Recombinant B. subtilis spores expressing CotB-HcGAPDH fusion protein stimulated 126 both humoral and cell-mediated immune responses in mice and sheep 127
To test whether the recombinant B. subtilis spores have positive probiotic effects in 128 promoting immune responses, mice were orally administrated with PBS (Ctrl), wild-type 129 (WT) strain, rBS CotB or rBS CotB-HcG spores, and purified HcGAPDH protein, respectively ( Fig  130   4a ). Lymphocytes prepared from the spleen samples from mice treated as above were 131 cultured and stimulated with ConA, LPS or the purified HcGAPDH protein to examine the 132 specific cell-mediated immune responses. Both ConA and LPS groups showed that rBS CotB-133 HcG administration showed higher levels of lymphocyte proliferation than the control group 134 (p < 0.01) ( Fig 4b) . The purified HcGAPDH protein also stimulated lymphocyte proliferation 135 with statistical significance as compared with the control group (p < 0.05). To investigate 136 whether humoral immune responses were activated by the rBS CotB-HcG spores, we measured 137 anti-HcGAPDH Immunoglobulin G (IgG) levels in the murine sera. We found that rBS CotB-HcG 138 induced the highest antibody level (p < 0.005 as compared with Ctrl) at week 3 (Fig 4c) . The 139 purified HcGAPDH protein also induced higher level of specific antibody than the control 140 group (p < 0.01). No anti-HcGAPDH antibody was detected in the mice receiving PBS, the 141 wild-type or the rBS CotB strain (p > 0.05). The subtype IgG2a or IgG1 reflects whether the 142 type of T cell immune response is dominated by Th1 or Th2, respectively [19] . To further 143 determine the Th1/Th2 phenotype of the T cell immune response triggered by rBS CotB-HcG , 144
we found that the anti-HcGAPDH IgG2a was 2.07 folds higher than the anti-HcGAPDH IgG1 145 (p < 0.005), indicating a Th1 dominated T cell immune response (Fig 4d) . We also evaluated 146 the levels of anti-HcGAPDH secretory IgA (sIgA) from intestinal epithelial cells and plasma 147 cells, which could protect animals from pathogen infection by mucosal immunity. The results 148 showed that anti-HcGAPDH sIgA was significantly induced in intestinal mucus of rBS CotB-HcG 149 mice in comparison to that of Ctrl (p < 0.01) (S1 Fig specific changes at the species or genus level of bacteria was not found. One possible 276 explanation is that sequencing-based approach is set up to detect high-order taxonomic 277 shifts rather than specific differences at the species or the genus level, consistent with an 278 earlier report [7] . We further investigated probiotics at the level of Bacillales for controlling H. 
Materials and Methods
301
Ethics approval 302
Sheep (6 months of age; Huzhou, China) were maintained under helminth-free 303 conditions in facilities at Zhejiang University. The procedures for animal maintenance and 304 experiments were approved by Zhejiang University (permit no. ZJU20160239). All animal 305 experiments were performed in accordance with guidelines for the care and use of 306 laboratory animals and the experiments were approved by Zhejiang University Experimental 307 Animals Ethics Committee. 308
Parasite 309
H. contortus Zhejiang strain was kept at the Veterinary Parasitology Laboratory, 310
Zhejiang University and maintained by serial passage in helminth-free sheep. Infective L3 311 larvae (iL3s) were obtained by incubation of eggs for 14days at 28 °C. 312
16S rRNA sequencing 313
Six-month old female sheep were orally infected with 5, 000 H. contortus iL3s, and 314 euthanized at 14, 31 or 62 days post infection (DPI). The control sheep received 1 ml of 315 PBS by oral gavage and euthanized at 62 DPI. These sheep were housed in separated 316 areas to avoid cross-contamination within the university facility under the same 317 environmental conditions. Ten ml of abomasum fluids was collected from each sheep by 318 squeezing the whole abomasum within 20 min of euthanasia. The abomasal fluids were 319 centrifuged at 5, 000 g for 5 min at 4 °C. The supernatants were re-centrifuged at 12,000 320 g for 10 min at 4 °C and the pellet of each sample was used for 16S rRNA gene 321 
Plasmid construction 327
The 1,023 bp coding sequence (CDS) of HcGAPDH was amplified from the total 328 cDNA of H. contortus by PCR using primers previously described [9] . PCR products were 329 cloned into the pET-32a vector (Takara, China) via Hind III and EcoR I sites. The pET32a-330
HcGAPDH was sequenced (BioSune, China). 331
To generate a recombinant spore with a fusion protein of CotB-HcGAPDH, the 332 genomic DNA of B. subtilis strain 168 was used as template to amplify the fragment of CotB 333 gene (1,088 bp) containing the promoter sequence (263 bp) and CotB N-terminal partial 334 CDS (825 bp) based on available sequences on NCBI (Reference Sequence: 335 NC_000964.3) using the primers as listed in S1 Table. PCR products were cloned into the 336 pMD 18-T vector (Takara, China) at BamH I and Hind III sites. The CotB-HcGAPDH was 337 amplified by PCR with primers (S1 Table) . The fused fragment of CotB-HcGAPDH was 338 subcloned into E. coli-B. subtilis shuttle vector pDG364 (Miaolingbio, China) at BamH I and 339
EcoR I sites, resulting in pDG364-CotB-HcGAPDH plasmid. The control plasmid pDG364-340
CotB was constructed by cloning CotB gene directly into pDG364 vector. All the plasmids 341 were confirmed by sequencing (BioSune, China). 342
Expression of recombinant proteins 343
The recombinant vector pET32a-HcGAPDH was transformed into E. coli. BL21 344 strain. The transformants were cultured at 37 °C until the OD600nm value reached 345 approximately 0.6 and were then induced with 0.5 mM isopropyl β-D-1-346 thiogalactopyranoside (IPTG) at 37 °C. The pellets were collected by centrifugation at 347 8,000 g for 10 min, resuspended in buffer (0.01% digitonin, 10 mM Pipes, pH 6.8, 300 348 mM sucrose, 100 mM NaCl, 3 mM MgCl2, and 5 mM EDTA) with proteinase inhibitors, and 349 
SDS-PAGE and Western blotting 364
The transformed B. subtilis strain containing pDG364-CotB-HcGAPDH (rBS CotB-365 HcG ) was cultured in LB medium with 25 μg/ml chloramphenicol at 37 °C. Bacterial immobilized filter was blocked overnight at 4 °C in 5% skimmed milk in PBST (PBS with 373 0.05% (v/v) Tween-20). Anti-HcGAPDH rAb (1:1000 in PBST) was used to probe the 374 membrane by incubating for 2 h at RT after five washes in PBST. Finally, the probed filter 375 was incubated with HRP-conjugated goat anti-rabbit IgG (1:5000 in PBST) and visualized 376 by ECL (Beyotime biotechnology, China) . 377
Immunofluorescence and flow cytometry assay 378
Five ml of sporulation cultures at 24 h, 48 h or 72 h of incubation were harvested 379 and processed as previously described [45] . Samples were blocked with 5% bovine serum 380 albumin (BSA) for 2 h at 4 °C followed by incubation with anti-HcGAPDH rAb (1:2,000 in 381 PBST) for 2 h at room temperature. Naive pre-immunized rabbit sera (1:2,000 in PBST) was 382 used as negative control. Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG 383 (Invitrogen, 1:500 in PBST) was used as the secondary antibody. Samples were observed 384 and photographed under fluorescent microscope (Olympus BX51, Japan). 385
A total of 1 ˣ 10 5 purified spores were washed in PBS for 3 times and incubated 386 with anti-HcGAPDH rAb (1:500 in PBST) at 37 °C for 2 h. Naive rabbit sera (1:500 in PBST) 387 was used as negative control. After 3 washes in PBS, the spores were incubated with FITC-388 conjugated goat anti-rabbit IgG (1:500 in PBST, Invitrogen) at 37 °C for 1 h. Spores were 389 finally resuspended in 1 ml of PBS following 3 washes, and at least 1 ˣ 10 4 spores were 390 examined by FC500 MPL flow cytometer (Beckman Coulter, USA). Expression of the CotB-391
HcGAPDH fusion protein was analyzed using FlowJo software (Tree Star, USA). 392
Analysis of the production and the structure of recombinant spores 393
The purified spores of the wild-type strain and the recombinant strain rBS CotB-HcG 394 were collected, fixed in 3% glutaraldehyde overnight at 4 °C followed by dehydration in 395 gradient ethanol of 50%, 70%, 90% and 100%. After subsequent critical point drying and 396 sputter coating, they were processed and photographed under a scanning electron 397 microscope SU-70 (Hitachi, Japan). For transmission electron microscopy, the spores were 398 fixed in glutaraldehyde overnight at 4 °C followed by incubation in 4% osmium tetroxide for 399 2 h. Afterwards, they were dehydrated in gradient ethanol (50%, 70%, 90%, and 100%), 400 embedded and the ultrathin sections were mounted on a 230 mesh copper mesh, stained 401 with 1% uranyl acetate-lead citrate. The spores were observed and photographed under a 402 transmission electron microscope H-9500 (Hitachi, Japan). 403
To investigate whether production of spores of the recombinant strain rBS CotB-HcG 404 was different from that of the wild-type strain, both strains were inoculated 1 L of DSM 405 medium, cultured at 37 °C with constant shaking at 140 r/min. The number of viable 406 bacteria and spores were then quantified. 407
Animal experiments 408
Six-week old female BALB/c mice were purchased from the Zhejiang Academy of 409
Medical Science (Hangzhou, China), raised in a sterilized room, and fed with sterilized food 410 and water. By oral gavage, the mice were administrated 100 l PBS (Ctrl) per mouse, 411 spores of wild-type strain at 1 × 10 10 CFU (WT), rBS CotB at 1 × 10 10 CFU (rBS CotB ), and 412 rBS CotB-HcG at 1 × 10 6 , 10 8 , or 10 10 CFU per mouse (rBS CotB-HcG ), respectively. The mice in 413
Ctrl, WT and rBS CotB-HcG groups were administrated for three consecutive days, followed by 414 two boosting, each for three consecutive days, at a one-week interval. Mice of the 415 Biosystems, USA). The primers specific for mouse or sheep TGF-β, IFN-γ, IL-2, IL-12, IL-4, 446 IL-6, IL-10, T-bet, or GATA-3 gene were listed in S1 Table. 447
Determination of antibodies by ELISA 448
Serum samples were collected from each mouse weekly after administration of the 449 spores. The intestinal mucus samples were collected at week 5 according to a method 450 previously described [31] . The levels of anti-HcGAPDH IgG, sIgA, IgG1 and IgG2a were 451 measured by ELISA. Briefly, ELISA plates (Bethyl, USA) were coated with 1 μg purified 452
HcGAPDH protein diluted in the coating buffer (0.05 M carbonate-bicarbonate, pH 9.6) 453 followed by incubation in 5% skimmed milk for 18 h at room temperature. After three 454 washes in PBST, the plates were then incubated at 37 °C for 2 h in serum or mucus in 455 1:400 dilution in PBST. Subsequently, HRP-conjugated goat anti-mouse IgG (1:5,000 456 dilutions, Abcam, UK), goat anti-mouse IgA (1:5,000 dilutions, Abcam, UK), goat anti-mouse 457 IgG1 or IgG2a (1:1,000 dilutions, Abcam, UK) were employed as the secondary antibodies. 458
After 1 h of incubation the plates were washed again and 100 μl substrate solution 3, 3′, 5, 459 5′-tetramethylbenzidine (TMB, BD biosciences, USA) was added. After 5 min of incubation 460 in dark, the reaction was stopped by adding 50 μl 2 M H 2 SO 4 , and plates were read 3 times 461 at 450 nm in the model microplate ELISA reader (BIO-RAD, Japan). Negative controls 462 (coated with naive sera) were included on each plate. The results were expressed as 463
OD450nm values. Similar to the mice serum protocol described above, anti-HcGAPDH IgG 464 and sIgA in sheep samples were analyzed by ELISA as well. The secondary antibody was 465 HRP-conjugated rabbit anti-sheep IgG and rabbit anti-sheep IgA (1:5,000 dilutions, Abcam, 466 UK). 467
HE staining 468
The abomasum dissected from sheep were thin-sectioned and subjected to HE 469 staining [30]. The tissue sections were observed under an optical microscope (Zeiss, 470 Germany). 471
Analysis of abomasal microbiota from sheep 472
Relative abundance of abomasal microbiota in sheep of the Ctrl, Hc, Hc+WT, 473
Hc+rBS CotB-HcG groups were analyzed by 16S rRNA gene sequencing. Sampling and 474 sequencing process were consistent with the previous protocol [47] . 475
Statistical analysis 476
Results were presented as mean ± S. E. M. (standard error of the mean). Means of 477 continuous variables were tested with two-tailed Student's t test. P value of <0.05 was 478 considered statistically significant. 479
Data availability 480
All the data supporting the findings of this study are available within the article and 481 its supplementary files. TGTTCTGTGAATGAAGCCAAGACGAGTA  ACCCTCATAATAGTCTTTAGCCTTTCCA  AAACGAGTGGGTAAAGAACGCAAAG  GAGGAGGGAATGCCCAGGAACTA  GAGGTGATGCCACAGGCTGAGAA  CTCCACCGCCTTGCTCTTGTTTT  CAGCAGAGGCTCCTCTGAC  GTCTGGTTTGATGATGTCCCTG  TAATGCAAGTAACCCAGATGTA  GCGTAGAGGTCTTTGCGGATGT  GGCAGGTCATCACCATCGGCAAT  GCCGACGTGACAGTAGAGGTAATAGAG  CCAGAGGGAAGAGCAGTCC  GGCTACAACGTGGGCTACC  CATCCGTAAAGACCTCTATGCCAAC  ATGGAGCCACCGATCCACA  CCCAAGCAGGCCACAGAATTGAAA  AGTCAAATCCAGAACATGCCGCAG  GGAAGCACGGCAGCAGAATAAAT  AACTTGAGGGAGAAGTAGGAATGG  TCTTGAAAGACAATCAGGCCATCA  GAATCAGCAGCGACTCCTTTTCC  CAAACGTCCTCACAGCAACG  CTTGGACTCATTCATGGTGC  ACAACCACGGCCTTCCCTACTT  CACGATTTCCCAGAGAACATGTG  GCTCTTACTGACTGGCATGAG  CGCAGCTCTAGGAGCATGTG  GATCATCACTAAGCAAGGACGGC  AGACCACATCCACAAACATCCTG  AGTCCTCATCTCTTCACCTTCC  GGCACTCTTTCTCATCTTGCCT The underlined and highlighted are restriction sites. Anti-HcGAPDH sIgA levels in intestinal mucous samples of sheep (n = 6 in each group). 753
661
Figure legend
